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Obtaining highly spin-polarized currents in molecular junctions is crucial and desirable for nanoscale spin-
tronics devices. Motivated by our recent symmetry-based theoretical argument for complete blocking of one spin
conductance channel in atomic-scale junctions [A. Smogunov and Y. J. Dappe, Nano Lett. 15, 3552 (2015)],
we explore the generality of the proposed mechanism and the degree of achieved spin-polarized current for var-
ious ferromagnetic electrodes (Ni, Co, Fe) and two different molecules, quaterthiophene and p-quaterphenyl. A
simple analysis of the spin-resolved local density of states of a free electrode allowed us to identify the Fe(110)
as the most optimal electrode, providing perfect spin filtering and high conductance at the same time. These
results are confirmed by ab initio quantum transport calculations and are similar to those reported previously
for model junctions. It is found, moreover, that the distortion of the p-quaterphenyl molecule plays an important
role, reducing significantly the overall conductance.
PACS numbers: 72.25.-b, 75.47.-m, 31.15.E-, 31.15.at
Molecular spintronics is a very promising and emerging
field, whose aim is to manipulate the spin degree of freedom
in molecular based devices1,2. Such devices should possess
a large spin-relaxation length which is important for using
spin degree of freedom in transport properties. In particular,
due to low spin-orbit coupling in organic molecules, the elec-
tron spin-relaxation length will be rather large, making such
organic-based devices very promising for spintronics applica-
tions. The property of high interest in spintronics is the spin-
filtering or the spin polarization of (zero bias) electric current,
P = (G↑−G↓)/(G↑+G↓), whereG↑ andG↓ are the conduc-
tances of majority and minority spin channels, respectively.
Another important property is the magneto-resistance (MR) -
the strong change in electrical conductance G between paral-
lel and antiparallel magnetic alignments of two ferromagnetic
electrodes - MR = (GP −GAP)/GAP. In this context, achiev-
ing as large as possible P (ideally, 100%) and MR (ideally,
infinite) represents a crucial issue.
Unexpected large MR of up to 300% and large spin-
dependent transport lengths have been reported in spin valves
using Alq33,4. The MR of about 60%, 67% and 80% have been
reported for Co|C60|Co5, Fe|C70|Fe6 and Ni|C60|Ni7 mag-
netic junctions, respectively. At the single molecular scale,
due to strong hybridization between molecular orbitals and
ferromagnetic electrode states, it has been found that the giant
MR (GMR) can reach rather large values, ranging from 50%
to 80%8–10, in the contact regime. In the tunneling regime, a
tunneling MR (TMR) value of up to 100% has been found in
the case of single C60 molecule deposited on the Chromium
surface11. Moreover, a selective and efficient spin injection at
the ferromagnetic-organic interface has also been reported by
locally controlling the inversion of the spin polarization close
to the Fermi level12. This effect, however, was found to de-
pend strongly on the details of nanocontact configuration as
well as on the molecule-electrode coupling.
Quite generally, the conductance in ferromagnetic
nanocontacts is dominated by weakly polarized s orbitals
resulting in a partial spin-polarized current13–15. Therefore,
blocking transport via s orbitals and promoting transport
via d (or p) orbitals seems to be a good strategy to obtain
high spin-polarizations. Very recently, a 100% spin-polarized
currents have been reported experimentally in the nickel oxide
atomic junctions formed between two nickel electrodes16 by
the break-junction setup. The current work is motivated by
our recent study of spin-polarized electron transport through
a special class of pi-conjugated molecules bridging two Ni
electrodes17. Due to symmetry mismatch between molecular
orbitals and conductance channels of the Ni electrodes, the
electron transport was carried by only d-orbitals while the
s-conductance channels were fully blocked at the electrode-
molecule junction. As a consequence, a perfect 100%
spin-polarization (G↓ ≈ 0.65G0, G↑ = 0) and an infinite
MR have been found for ideal Ni electrodes (represented
by semi-infinite Ni chains), while rather moderate values,
G↓ ≈ 0.19G0, G↑ ≈ 0.02G0, were found for more realistic
Ni(111) electrodes.
The purpose of this Rapid Communication is two-fold:
i) to identify molecular bridges (the electrodes and the
molecule) employing in full our symmetry argument for per-
fect spin-filtering; ii) to demonstrate the generality of our
symmetry-mismatch mechanism. It will be shown that the
Fe(110) electrode is the optimal one, providing highest spin-
polarization of incoming conductance channels while poly-
thiophene molecules are probably the best ones due to their
highest occupied molecular orbital (HOMO) placed very
closely to the Fermi level.
DFT-based spin-dependent quantum transport. The
spin-polarized ab initio calculations were carried out us-
ing the plane wave electronic structure package QUAN-
TUM ESPRESSO18 in the framework of the density func-
tional theory (DFT). We used the local density approxi-
mation (LDA) with Perdew-Zunger parametrization19 of the
exchange-correlation functional with ultra-soft pseudopoten-
tials (USPP) to describe electron-ions interaction. The molec-
ular junctions were simulated by a supercell as the one shown
in Fig.1(a). Details concerning the calculations can be found
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FIG. 1: (Color online) (a) The model geometry of ferromagnetic|molecule|ferromagnetic nanojunction used in the paper. Spin-polarized
projected density of states (PDOS) on dzx,zy orbitals of one of (equivalent) apex atoms of the electrodes for (b) fcc-Ni, of (001) (top) and
(111) (bottom) orientations; (c) hcp-Co, of fcc (top) and hcp (bottom) positions of the pyramid-like tip; (d) bcc-Fe, of (001) (top) and (110)
(bottom) orientations. The insets show the atomic structures of corresponding electrodes which are terminated with only one apex atom. The
pyramids contain either 4 [Ni(111), hcp-Co, and Fe(110)] or 5 [Ni(001) and Fe(001)] atoms. The dzx and dzy orbitals are degenerate for all
presented electrodes except for Fe(110) due to symmetry reason. Spin up (down) results are plotted by solid (dashed) lines.
in Ref.20. For the calculations of ballistic transport across the
junction, the unit cell of Fig.1(a) was considered as a scatter-
ing region joint perfectly on both sides to semi-infinite elec-
trodes. Electron transmission was then evaluated using the
scattering states approach as implemented in the PWCOND
code21. Ballistic conductance (at the infinitesimal voltage)
is given by Landauer-Bu¨ttiker formula, G = G0[T↑(EF) +
T↓(EF)], where G0 = e2/h is the conductance quantum per
spin. A (8 × 8) k-points mesh in the xy plane was found to
be enough to obtain well converged transmission functions.
Notice that the use of the LDA for exchange-correlation po-
tential in a DFT scheme can overestimate the transmission
due to the underestimation of band gap22,23. However, such
effects may affect quantitatively the electron transport prop-
erties in our molecular junction, but the main physical trends
will remain unaffected due to our robust symmetry argument.
Moreover, as we will see later, the conductance is provided by
the HOMO molecular orbital whose position with respect to
the Fermi level we believe is described quite well by our DFT
calculations.
The key idea of symmetry argument is to block the elec-
trode s-channels (both of the majority and minority spins)
at the Fermi energy by using pi-conjugated molecules having
only pi-states available around the EF . The remaining four
transport d-channels are all of the minority spin (the major-
ity spin d-states are all occupied and lie well below the EF )
which would result in a fully spin-polarized current across
such molecular junctions. In this context, the spin-polarized
density of states at the electrode apex atom plays a crucial role,
providing the information on the amount and spin-polarization
of states available for the transport. We start therefore by
analysing the projected density of states (PDOS) at the elec-
trode apex atom for the free electrodes of different ferromag-
netic metals in order to select the best candidate as a spin in-
jection material.
Electronic structure of ferromagnetic electrodes. The fer-
romagnetic electrodes are modeled by five atomic layers con-
taining 16 atoms in each atomic plane and terminated by a
pyramid-like tip. Note that the pyramids contain 4 or 5 atoms
for cubic or hexagonal electrodes, respectively (see insets in
3the Fig. 1). The two bottom layers were fixed while the other
three layers and the pyramid were relaxed until the atomic
forces are less than 1 meV/A˚.
We emphasize that it is enough to look at only dzx,zy states
of the apex atom (Fig. 1) since the other apex d-states have
no overlap with out-of-plane molecular pi-states around the
Fermi energy. Note that the molecule is assumed to be aligned
with the transport direction Z but otherwise can rotate around
it. In the case if it lies exactly in the Y Z plane, for example,
the molecular states will hybridize with only dzx-states, which
are of appropriate symmetry (odd with respect to the molecule
Y Z plane). We notice also that, by symmetry, the dzx and dzy
orbitals are degenerated for all the presented electrodes except
for the Fe(110) electrode.
As expected, a quite general feature has been found for all
the ferromagnetic electrodes – the apex DOS around the Fermi
energy is dominated by partially filled minority d-states. For
Ni(001) electrodes (Fig. 1(b), upper panel), the spin-down
PDOS peak lies in the vicinity of the Fermi energy while the
spin-up PDOS is very small but not negligible and starts grow-
ing significantly at only E − EF < −0.45 eV. In the case of
Ni(111) (Fig. 1(b), down panel), a relatively smaller [com-
pared to the Ni(001)] spin-down PDOS is found at the Fermi
energy with the maximum around 0.25 eV above the Fermi
energy.
For hcp-Co electrodes as shown in Fig. 1(c), two different
adsorption sites, namely fcc and hcp, for the pyramid were
considered. We found that the hcp site is slightly more favor-
able with respect to the fcc one, with an energy gain of about
17.84 meV. Compared to the fcc-Ni electrode, the apex PDOS
for spin down polarization has relatively smaller amplitude at
the Fermi energy while the spin up states are almost absent.
For the case of bcc-Fe electrode we have considered two
crystallographic orientations, (001) and (110), shown in Fig.
1(d) on upper and lower panels, respectively. The apex atom
PDOS of the Fe(001) electrode exhibits a similar spin polari-
sation as for Ni(111) even though the peaks are rather differ-
ent. On the other hand, almost perfect behavior of the PDOS
has been found for the Fe(110) orientation. Namely, rather
smooth and large PDOS for spin down states in a quite large
energy window [−0.75 eV, +0.5 eV] with a maximum around
the Fermi energy and almost zero PDOS around the Fermi en-
ergy for spin up states. In addition, the non-negligible PDOS
for spin up states start about−0.8 eV with respect to the Fermi
energy.
We conclude, therefore, that among all the electrodes con-
sidered, the Fe(110) looks as the optimal one for providing
highly spin-polarized incoming current. It is expected also to
improve considerably over the Ni(111) electrode considered
in our previous work.17
Fe(110)|quaterthiophene|Fe(110). After having selected
the best electrode, which in our case turns out to be the
Fe(110), we will now confirm our findings by calculating
explicitely the spin-polarized transmission functions. We
first consider the quaterthiophene molecule which contains
four cycles of thiophene (standing perpendicular to the sur-
face), suspended between two Fe(110) electrodes, as shown
in Fig. 1(a) as a geometric model. Experimentally, two well-
established approaches, namely the scanning tunneling micro-
scope (STM) tip manipulation and the mechanically control-
lable break junction (MCBJ) technique, are used in the fab-
rication of such molecular junctions. For instance, recent
experiments showed that such molecular junction could be
well established by using the STM tip to pick up one end of
an individual polythiophene on the surface and subsequently
lifting it up24,25. In addition, the stable and highly conduc-
tive molecular junctions were successfully formed by MCBJ
technique26,27. By symmetry, the dzx-orbital of the Fe apex
has non-zero overlap with the out-of-plane pi-states of the
molecule (if the Y Z plane is choosen to correspond to the
molecule plane). The PDOS of the Fe apex, as shown in Fig.
2(a), presents a very similar feature compared to the case of
the free electrode (see Fig. 1(d), down panel). However, a
slight splitting of the majority spin states near the Fermi level,
as well as a small peak at about −0.13 eV for the majority
spin states arises due to the hybridization with the molecule.
Clearly, the PDOS of the Fe apex atom is still dominated by
the minority spin states near the Fermi level.
The transport properties of molecular junctions are deter-
mined by molecular orbitals located near the Fermi energy.
In Fig. 2(b) we present the DOS projected on the molecule,
where one can clearly see that the HOMO is very close to the
Fermi energy, meaning that the HOMO is the main transport
channel.
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FIG. 2: Electronic and transport properties of
Fe(110)|quaterthiophene|Fe(110) nanojunction: (a) spin-dependent
PDOS on dzx orbitals of the Fe apex atom, (b) spin-resolved
density of states on the quaterthiophene molecule, (c) spin-resolved
transmission function T (E) as a function of the electron energy E
in the parallel magnetic configuration. Spin up (down) results are
plotted by solid (dashed) lines.
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FIG. 3: (Color online) Electronic and transport properties of p-tetraphenyl molecule suspended between two Fe(110) electrodes. Three
molecular conformations were considered: flat molecule (a), distorted molecule with 30◦ rotation between adjacent phenyl cycles (b), and
distorted molecule with 90◦ rotation (c). Top panels present model geometries of molecular junctions. Middle panels show the charge-density
isosurface plots for the HOMO of the free molecule. Note that the isosurfaces of positive and negative isovalues are shown in red and blue,
respectively. Down panels report the spin-resolved PDOS on the molecule, the spin up (down) curves presented by solid (dashed) lines. At the
bottom, the conductances for both spin channels are indicated.
The electronic levels of insulating and semiconducting
nanostructure are not described accurately since the DFT is
limited to ground states. However, the HOMO described by
DFT is equal to the exact ionization potential if we know the
exact exchange-correlation potential28,29. To address prop-
erly the quantum transport in molecular junctions (i.e. the
molecule is weakly coupled to the electrodes) one requires
here a dynamical treatment of the electron-electron interac-
tions which is beyond the standard DFT mean-field method
such as GW approximation. M. Strange et al 23 has shown
by fully self-consistent GW scheme quantum transport in
molecular junctions that the GW is better than DFT for en-
ergy alignment of the molecule, however, they found that
the difference between GW quasiparticle energies and Kohn-
Sham DFT eigenvalues significantly larger for lowest unoc-
cupied molecular orbital (LUMO) than the HOMO. There-
fore, the DFT-based quantum transport presented in this work
may quantitatively different compared to beyond DFT mean-
filed technique, but the main physical trends will remain un-
affected.
The spin-up resonance located at about −0.13 eV is very
sharp due to the lack of appropriate symmetry states in the
electrode for the majority spin near the Fermi energy. On
the contrary, the HOMO state for spin-down channel has
significantly broader structure (going from −0.5 to 0.13 eV
roughly) which reflects the increased hybridization with elec-
trode states. A similar effect (but less pronounced) has been
also reported for the same molecular junction bridging two
Ni(111) electrodes17.
As a consequence, the remarquable difference of the con-
ductance for the two spin channels is observed as shown in
Fig. 2(c). For spin-down electrons, the significant and broad
transmission peak is observed. It is located between −0.1 eV
and 0.1 eV, with a maximum close to the Fermi energy. At the
same time, the transmission coefficient in the spin-up channel
is nearly zero at the Fermi level. For that reason, the transport
is fully due to spin-down electrons – we find G↓ ≈ 0.70G0
and G↑ ≈ 0.004G0, for spin down and up polarizations, re-
spectively.
Fe(110)|p-tetraphenyl|Fe(110). In order to understand the
effect of a molecule on the spin filtering efficiency, we now
investigate another molecular junction made of p-tetraphenyl
connecting two Fe(110) electrodes, as shown in Fig. 3. This
molecule was chosen because it has much smaller band gap
of 0.4 eV in the infinite chain configuration compare to the
poly-thiophene chain of 1.4 eV. Therefore, we thought that
the corresponding molecular junction will show higher spin
down conductance.
5We start by discussing the flat p-tetraphenyl junction as pre-
sented in Fig. 3(a). From the charge-density isosurface plots
of the HOMO level, we can clearly see the out-of-plane char-
acter of the HOMO orbital. Compared to the quaterthiophene
junction discussed in the previous section, the HOMO was
found, however, to be shifted by about −0.48 eV with respect
to the Fermi energy, which results in the lower spin down con-
ductance, G↓ ≈ 0.09G0. The conductance in the spin up
channel is again almost zero, indicating a 100% spin-filtering.
We next investigate the distortion effect of the molecule on
its transport property. Among three configurations considered
(see Fig. 3), we have found that the one with phenyl rings ro-
tated consequenly by 30◦ around the Z axis [Fig. 3(b)] is the
most favorable, explicitely, 0.12 and 0.27 eV lower in energy
than the flat molecule [Fig. 3(a)] and the one with two parts
rotated by 90◦ [Fig. 3 (c)], respectively. Interestingly, the
HOMO level moves away from the Fermi energy when the
degree of the distortion is increased, i.e. the HOMO moves
to about −0.52 and −0.75 eV for the distortions of 30◦ and
90◦, respectively. As a result, a much smaller conductance
of G↓ ≈ 0.04G0 is found for 30◦ distortion compared to the
flat molecule. Interestingly, for the 90◦ distortion, we have
found almost zero conductance in both spin channels. This is
attributed to two reasons: i) the 2-fold degenerate HOMOs are
strongly localized on either right or left sides [Fig. 3(c)] and
are thus completely decoupled from the corresponding elec-
trode, which can be seen as the breaking of the conjugation;
ii) the HOMO is positioned very far from the Fermi energy.
In this case, the molecular junction can be seen as two un-
coupled molecules sandwiched between the electrodes, which
does not allow the electric current to pass.
Summary. We present ab initio quantum transport calcu-
lations of spin-polarized electron transport through a special
class of pi-conjugated molecules bridging two ferromagnetic
electrodes. By analysing systematically the PDOS on the apex
atom of free ferromagnetic electrodes for different materials
as well as for different crystallographic orientations, we se-
lected the Fe(110) as an optimal electrode for efficient spin
injection. Here, a perfect DOS of appropriate symmetry is
obtained in spin down channel – large and smooth around the
Fermi energy – while spin up contribution is negligibly small.
A perfect spin filtering has been found for both quaterthio-
phene and p-tetraphenyl molecular junctions bridging Fe(110)
electrodes which confirms the generality of our recently pro-
posed symmetry mechanism to obtain fully-polarized currents
in single molecule nanojunctions17. Interestingly, a rather
high spin down conductance, G↓ ≈ 0.70G0, is found for a
quaterthiophene junction while much smaller value, G↓ ≈
0.09G0, for a p-tetraphenyl one. Therefore, the quaterthio-
phene (and, more generally, poly-thiophene molecules) seems
to be the best candidate for spin-filtering property, which is
directly related to a very close position of its HOMO to the
Fermi energy, E = −0.13 eV. In the case of p-tetraphenyl,
the conductance was found to decrease when the phenyl rings
are rotated ones with respect to the others and gets completely
cut in the orthogonal configuration. Finally, it should be em-
phasized that no anti-parallel magnetic alignment of two elec-
trodes were studied explicitely in the paper, however, we can
argue that the perfectly spin-polarized conductances reported
here should directly result also in ideally infinite ratios of MR
as has been verified in our previous study17. We believe that
our results will be important for future electronics and digi-
tal information technologies based on hybrid metal/organics
components.
This work was performed using computation resources
from GENCI-[TGCC] project (Grant No. 2015097416 and
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